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  A BSTRACT  
 The cloning of the opioid receptors and subsequent use of 
recombinant DNA technology have led to many new insights 
into ligand binding. Instead of focusing on the structural 
features that lead to increased affi nity and selectivity, re -
searchers are now able to focus on why these features are 
important. Site-directed mutagenesis and chimeric data 
have often been at the forefront in answering these ques-
tions. Herein, we survey pharmacophores of several opioid 
ligands in an effort to understand the structural requirements 
for ligand binding and selectivity. Models are presented and 
compared to illustrate key sites of recognition for both opi-
ate and nonopiate ligands. The results indicate that different 
ligand classes may recognize different sites within the recep-
tor, suggesting that multiple epitopes may exist for ligand 
binding and selectivity.  
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   INTRODUCTION 
 Over the years, a great amount of effort has been devoted to 
the development of structural models that predict ligand 
binding and selectivity for the  � ,  � , and  �  opioid receptors. 
In the absence of crystallographic data, indirect methods, 
which include site-directed mutagenesis, chimeric studies, 
the substituted cysteine accessibility method, and affi nity 
labeling studies, have been instrumental in locating key 
contacts for molecular recognition. One of the most infor-
mative methods has been the engineering of chimeric recep-
tors. By interchanging sequences of the  � ,  � , and  �  receptors, 
researchers have identifi ed regions of the receptor responsi-
ble for discriminating differences between peptide and 
nonpeptide recognition, as well as regions necessary for 
selectivity. 1-4  For example, chimeric studies have shown 
that the second extracellular loop (EL-2) of the  �  receptor is 
essential for the activity of the selective peptide agonist 

dynorphin A (Dyn A). 5  ,  6  When EL-2 from  �  or  �  was in -
serted into the  �  sequence, Dyn A lost activity. Conversely, 
when EL-2 from  �  was inserted into  �  or  �  sequences, Dyn 
A gained activity. 

 Whereas chimeric studies generally paint a broad picture of 
what regions of the receptor may be important for binding, 
site-directed mutagenesis studies implicate individual resi-
dues. Thus, results often indicate how ligand recognition 
may be occurring at the molecular level. By the time opioid 
receptors were cloned, such studies were commonly used in 
the study of other receptor systems. 7  ,  8  Important for the opi-
oid receptor family were those on the  � -adrenergic receptor, 
another G-protein coupled receptor (GPCR). 9  This GPCR 
binds epinephrine and numerous catecholamine analogs. 
Since opiates and opioid peptides share common structural 
features with epinephrine ( Figure 1 ), it was suggested that 
they share similar interactions for their respective receptors.   

 One such interaction involves an aspartate residue in trans-
membrane helix III. This aspartate (Asp III:08, see  Figure 2  for 
an explanation of the nomenclature) is conserved among all 
biogenic amine receptor families, including the  � -adrenergic 
and opioid receptors. 10  When this residue in the  � - adrenergic 
receptor was mutated to its neutral isostere asparagine (Asn), 
a large decrease in epinephrine binding was seen. 11  This 
suggested that a salt bridge between the amine of epineph-
rine and the carboxylate of the Asp had been disrupted. 
Since opioid ligands also possess an amine, a homologous 
interaction was proposed. When Asp III:08 in the  �  receptor 
was mutated to Asn, several opioid receptor ligands did not 
bind, indicating a salt bridge. 1    

 Further insight on opioid ligand recognition was realized by 
analyzing similar results from the  � -adrenergic receptor 
system. For example, site-directed mutagenesis results sug-
gested that conserved serine residues (V:09 and V:12) were 
hydrogen bonding to epinephrine ’ s catechol moiety. 12  Since 
the structurally similar phenolic group is often essential for 
opiate and opioid activity, 13  it was believed that the forma-
tion of a hydrogen bond might be important in the opioid 
receptor family as well. However, since opioid receptors 
lack residues capable of forming hydrogen bonds at posi-
tions V:09 and V:12, an alternative site had to be consid-
ered. Presumably, this residue needed to be conserved, 
needed to be able to hydrogen-bond, and needed to be 
 positioned at an appropriate distance from Asp III:08. 
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A  histidine located in TM VI (His VI:17) satisfi ed all these 
criteria. When this residue (in the  �  receptor) was replaced 
with a residue incapable of forming hydrogen bonds (eg, 
alanine) decreases in binding occurred. 14  On the other hand, 
conservative mutations (ie, those that do not disrupt hydro-
gen bonding interactions, eg, histamine or glutamine to 
asparagine), had only minor effects on ligand binding. 15  
From these results, it was suggested that His VI:17 hydro-
gen-bonds to the opioids ’  phenol. 
 Just as common structural moieties interact with conserved 
residues, uncommon moieties interact with variable  residues 

within the receptor. This is best explained by the   “ message-
address ”  concept. 16  In short, the message-address concept 
states that ligands contain different recognition elements 
that are responsible for their differential binding activities. 
Their shared, or universal, portion represents the  “ message, ”  
while their unique, or variable, portion represents the 
 “ address. ”  For the opiates, the tyramine moiety (the amine 
and phenol) represents the message, while large substitu-
ents on the C ring represent the address ( Figure 3 ). 17  The 
nonselective ligand naltrexone (NTX) 18  does not contain an 
address and thus is not selective. Meanwhile, the  � -selective 
ligand naltrindole 19  (NTI) contains indole moiety, and the 
 � -selective ligand 5-guanidinylnaltrindole 20  (gNTI) con-
tains a guanidinyl moiety that acts as the address to confer 
selectivity.   
 It should be noted that the opiates are exceptional examples 
of the message-address theory, because both the message 
and address moieties are well defi ned. In contrast, nonopi-
ates such as fentanyl 21  ( � -selective agonist), U50,488, 22  
and U69,593 23  ( � -selective agonists) do not contain a tradi-
tional message and address. For these 2 ligand classes (the 
fentanyls and arylacetamides), docking studies predict a 
unique epitope that has minimal overlap with the opiate 

  Figure 1.    Epinephrine contains a  p -hydroxyphenethylamine 
(tyramine) moiety, as do many opiates and opioid peptide 
ligands. Gly indicates glycine; Phe, phenylalanine.   

  Figure 2.    Serpentine model of the  �  receptor. Circles contain the 1-letter code for the given amino acid. Green lines indicate the 
beginning and ends of the helices. The gray circles indicate the residues that are conserved among all 3 receptor types ( � ,  � , and  � ), 
while the black circles indicate the residues that are highly conserved among the rhodopsin subclass of G-protein coupled receptors. 
Each transmembrane (TM) region is indicated by a roman numeral. At the beginning and end of each helix there are Arabic numbers 
starting with 1 and ending at 25 (variable, depending on helix length). These numbers correspond to the position of the residue within 
the helix. For example, the Asp in TM III is denoted as III:08. Asp indicates aspartate; EL, extracellular loop; Glu, glutamine; IL, 
intracellular loop; Leu, leucine; Lys, lysine; OR, opioid receptor; Trp, tryptophan; Tyr, tyrosine.   
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pharmacophore. 24-30  Thus, this review is broken up into sec-
tions based on ligand class. For each class, molecular recog-
nition will be discussed in terms of how specifi c interactions 
assist ligand binding.  

  OPIOID RECEPTORS: MODEL DEVELOPMENT 
 Before the molecular recognition of opioids is presented, a 
general discussion of opioid receptors must be undertaken. 
Because opioid receptors do not have a crystal structure, 
sequence analysis methods have been important in revealing 
many of the receptors ’  general characteristics. These 
 methods, which include hydropathy plots and multiple 
sequence alignments, have classifi ed the opioid receptors 
( � ,  � , and  � ) into the class A GPCRs resembling  rhodopsin. 31  
These membrane-bound proteins contain an extracellular 
N- terminus, 7 transmembrane helices, and an intracellular 
C-terminus ( Figure 2 ). The helices are bundled in a counter-
clockwise fashion and connected intra- and extracellularly 
by loops that vary in size and composition. 
 Also evident from  Figure 2  is the high sequence homology 
between the 3 opioid receptor types (indicated by gray and 
black circles). The transmembrane helices show ~70% iden-
tity, and the loops show ~60% identity. 31  In both cases, how-
ever, sequence identity is dependent on the region of the 
receptor being analyzed. For example, while the intracellu-
lar loops share ~90% homology, the N-terminus, EL-2, EL-
3, and the C-terminus share little to no homology. Likewise, 

TM helices II, III, and VII have ~75% identity, while heli-
ces IV, V, and VI share considerably less sequence identity. 
 Each receptor type has also been further characterized into 
subtypes. Pharmacological and radioligand studies point 
toward at least 2 variants for each receptor type, namely 
 �  1 / �  2 ,  �  1 / �  2 , and  �  1 / �  2 . 31  The  �  1  receptor, for example, has 
been characterized based on the ability of 7-benzylidenenal-
trexone and the enkephalin analog DALCE to selectively 
antagonize the antinociceptive activity of DPDPE and 
DADLE. 32  Meanwhile,  �  2  is characterized based on the 
ability of naltriben and 5 ′ -NTII (naltrindole isothiocyanate) 
to selectively antagonize deltorphin II and DSLET. 33  Since 
both receptor subtypes share the same amino acid sequence, 
the unique binding profi les have been speculated to be the 
result of different posttranslational modifi cations, distinct 
cellular localizations, and varying interactions with other 
associated proteins. 34  It remains largely unknown how these 
interactions contribute to the receptor ’ s overall conforma-
tion. Thus, even as newer models (derived from the more 
recently acquired high-resolution crystal structure rhodop-
sin) 35  ,  36  replace older bacteriorhodopsin-derived models, 
the connection between receptor conformation and resultant 
biological activity has not been resolved. 30  ,  31  ,  37-39  
 Despite this fact, the development of pharmacophores for 
opioid receptor ligands has fl ourished. One approach to 
identifying these pharmacophores uses automated docking 
simulations (eg, the DOCK 40  suite of programs) to predict 
binding modes. Flexible ligands often produce a larger 
number of different but plausible binding site models. Thus, 
narrowing down the binding modes is often more diffi cult. 
In some instances, biophysical data are available to support 
one of the proposed pharmacophores or to reject the exis-
tence of another. Much of the time, such data do not exist and 
the selection of a binding mode is based on the researcher ’ s 
interpretation. This can lead to pharmacophores that vary 
tremendously. Conversely, the models developed for the 
more rigid opiates are very similar to one another. These 
models are also supported by more extensive biophysical 
data. Since it is thought that nonopiates bind in a similar 
pocket, the more refi ned opiate models have often been the 
starting structure for docking studies for nonopiates. Thus, 
they will be discussed fi rst to provide a basis for the other 
opioid receptor models.  

  PHARMACOPHORIC MODELS 
  Nonselective Opiates 
 Naltrexone is a known as a universal opiate antagonist. It 
and the closely related nonselective opiates naloxone 41  and 
diprenorphine 42  all bind to the  � ,  � , and  �  receptors with 
very high affi nity. Furthermore, these ligands share struc-
tural similarities that are thought to be the source of their 
activities. First, they contain an amine that is thought to be 

  Figure 3.    Structural representation of the  “ message-address ”  
concept.   
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protonated at physiological pH; second, they contain a phe-
nolic ring. Together, these components form a tyramine or 
 “ message ”  moiety. Lastly, these opiates contain a hydro-
phobic portion. Approximately 50 years ago, Beckett and 
Casy proposed a crude receptor model that encompassed 
these 3 characteristics ( Figure 4 ). 43    
 Beckett and Casy ’ s 3-point model was invaluable for 
explaining generic receptor-ligand interactions; however, it 
did not take into account the specifi c interactions responsi-
ble for ligand recognition. Since the success of drug dis-
covery often lies in determining such details, transforming 
this model into a contemporary pharmacophore that could 
implicate individual residues was essential. As mentioned 
in the introduction, comparisons of opiates to the catechol-
amines suggested that binding occurs within conserved 
regions of the transmembrane helices, specifi cally using 
interactions between an amine and Asp III:08, and a phenol 
and His VI:17. 1  ,  14  These interactions accounted for two 
thirds of the 3-point model, but the determination of the 
 residues suggested to interact with the hydrophobic region 
still remained. 
 Given the relatively small nature of the nonselective opi-
ates, it was presumed that a hydrophobic pocket might be 
found in close proximity to Asp III:08 and His VI:17. 
Sequence analysis revealed that a cluster of conserved 
hydrophobic residues existed approximately halfway down 
TM helices III to VI (Trp IV:10, Phe V:13, Phe VI:09, and 
Trp VI:13). 44  These residues were mutated in order to deter-
mine the role of aromatic transmembrane residues of the  �  

receptor in ligand binding. 45  Results suggested that the resi-
dues Trp V:10, Phe V:13, and Trp VI:13 might help form the 
putative hydrophobic pocket. Since these residues are con-
served, it was suggested that these residues play a similar 
role in the  �  and  �  receptors as well. A summary of these 
interactions, using naltrexone as a representative ligand, is 
shown in  Figure 5 .    

  Selective Opiates 
 The 3-point model is well suited to describe the inter actions 
of nonselective opiates. However, it does not account for 
interactions of the  “ address ”  moieties found in selective 
opiates like NTI and gNTI ( Figure 3 ). For these ligands, an 
address locus containing variable residues is believed to be 
responsible for conferring selectivity. Experimental data 
support this hypothesis. Specifi cally, chimeric studies have 
revealed that the highly variable region from the top of TM 
VI to the C-terminus is required for high affi nity binding of 
the  � -selective antagonist norbinaltorphimine (norBNI). 46  
Additionally, chimeric studies have determined that the 
same region is implicated for  � -selective opiates. 4  
 Once this region had been implicated as an  “ address ”  locus, 
it was hypothesized that individual residues within this 
region were responsible for conferring selectivity. In gen-
eral, 2 techniques, alanine scanning and directed mutation, 
were applied to determine what residues, if any, were 
involved. The former method is a technique in which a side 
chain is individually and randomly mutated to alanine. It is 
hypothesized that if a large change in binding is observed, 
then the residue may be involved in ligand binding, thus 
warranting further investigation. Results from this method 
revealed that 3 residues near the top of TM VI and VII were 

  Figure 4.    Above: Nonselective antagonists naltrexone, naloxone, 
and diprenorphine. Below: Beckett and Casy ’ s 3-point receptor 
model shown with naltrexone as a representative ligand. It is 
suggested that the fi rst 2 points of the model, the anionic and 
phenolic site, interact with the tyramine  “ message ”  moiety. The 
third point of the receptor model suggests that a hydrophobic 
region within the receptor stabilizes the remaining alkaloid 
scaffold, specifi cally rings C to E.   

  Figure 5.    The pharmacophore of the nonselective opiate 
naltrexone. The tyramine  “ message ”  moiety forms a salt bridge 
with Asp III:08 and a hydrogen bond with His VI:17. Aromatic 
residues that stabilize the hydrophobic core include Trp V:10, 
Phe V:13, and Trp VI:13. Asp indicates aspartate; His, histidine; 
Phe, phenylalanine; TM, transmembrane; Trp, tryptophan.   
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implicated in binding to a wide variety of  � -selective ligands 
(these individual sites and their importance to ligand bind-
ing will be discussed in detail in the section concerning 
 � -selectivity). 47  The other method, directed mutation, uses 
molecular models to determine which residues to mutate. 
Under the assumption that the shared alkaloid scaffold of 
selective opiates binds in a similar manner as the nonselec-
tive opiates, the models suggested that there are 2 positions 
that are both unique and oriented appropriately for interac-
tion with the ligands. 45  These 2 positions, VI:23 and VII:03, 
occupied by Glu297 and Tyr312 in  � , Trp284 and Leu300 in 
 � , and Lys303 and Trp318 in  � , became the targets for 
numerous site-directed mutagenesis studies. 
 Site-directed mutagenesis results from these mutants sug-
gest that selectivity for opiates arises from the interplay of 
2 distinct mechanisms, mutual attraction and steric exclu-
sion. For mutual attraction, it is hypothesized that a ligand 
is attracted to a complimentary residue or group of residues 
within the receptor. The incurring stabilization, generally 
from charge neutralization or hydrophobic interactions, 
leads to increased binding. The second mechanism, steric 
exclusion, occurs when a residue or a group of residues does 
not allow a favorable or complimentary interaction (mutual 
attraction) to occur. As will be seen in the following sec-
tions, each opioid receptor type achieves selectivity by 
using these 2 mechanisms together.  

  Kappa-Selective Opiates 
 Ligand recognition of gNTI and norBNI 48  ( Figure 6 ) has 
been studied extensively. One obvious difference between 
these  � -selective opiates and the nonselective opiates is the 
presence of a second basic moiety found in the  “ address. ”  
This basic moiety has been implicated in forming a salt bridge 
with a unique glutamate within the  �  receptor, Glu VI:23. 20  ,  49  
Specifi cally, when Glu was mutated to a lysine (the homolo-
gous residue found in  � ), a signifi cant decrease in binding for 
norBNI and gNTI was observed. Meanwhile, no signifi cant 
changes were observed for the nonspecifi c ligands naloxone 
(NLX) and naltrexone (NTX). Furthermore, when the homol-
ogous position in  �  (K303) was mutated to glutamate (as to 
mimic the  �  receptor), norBNI and gNTI ’ s activity was com-
parable to that of wild-type  � . 20  Studies conducted in mutant 

 �  receptors also exhibited similar trends. For example, when 
Trp VI:23 was mutated to glutamate, activity for norBNI and 
gNTI was signifi cantly enhanced. 20    
 Although mutation of Glu VI:23 had profound effects on 
norBNI and gNTI activity, it was postulated that other vari-
ant residues may help to confer selectivity through mecha-
nisms of steric exclusion. One method of testing this 
hypothesis was by generating mutations that would give 
selective ligands enhanced affi nity for their nonpreferred 
wild-type receptors. As a general example, if a bulky resi-
due is blocking the access of a binding pocket, then replace-
ment of this large residue with a smaller residue would 
signifi cantly alter the binding affi nity. On the other hand, 
small residues that allow numerous ligands access could be 
mutated to bulky residues so as to limit the number of 
ligands. One position that was hypothesized to play such a 
role was that of VII:03. When this position in  �  was mutated, 
Tyr VII:03 to alanine (Ala), small changes in norBNI and 
gNTI binding were observed. 49  This suggested that the tyro-
sine was not directly involved in ligand binding. However, 
when the homologous residue in  �  was mutated, Trp VII:03 
to Ala, a signifi cant increase in binding was observed. 49  
Thus, it was suggested that the tryptophan in  �  sterically 
excludes opiates with large address moieties from binding. 
The proposed pharmacophore for gNTI is presented in 
 Figure 7  (the conserved aromatic residues from  Figure 5  
have been excluded for clarity).    

  Delta-Selective Opiates 
 The molecular recognition of the prototypical  � -selective 
opiates NTI and 7-spiroindanyloxymorphone 50  (SIOM) 

  Figure 6.    Kappa-selective opiates gNTI and norBNI. gNTI 
indicates 5-guanidinylnaltrindole; norBNI, norbinaltorphimine.   

  Figure 7.    The pharmacophore of gNTI in the  �  receptor. The 
 “ message ”  moiety forms a salt bridge with Asp III:08 and a 
hydrogen bond with His VI:17. The positively charged 
guanidinyl group is thought to form a salt bridge with Glu VI:23. 
This interaction is the basis for selectivity. Asp indicates 
aspartate; His, histidine; Glu, glutamine; TM, transmembrane.   
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( Figure 8 ) has also been well studied. Like their  �  counter-
parts,  � -selective opiates have a distinctive  “ address ”  moi-
ety. For these  � -selective ligands, however, a hydrophobic 
group such as an indole or spiroindane forms the address 
(NTI and SIOM, respectively). As mentioned previously, an 
alanine scan was conducted to determine whether residues 
within the address locus could be implicated in ligand bind-
ing. For naltrindole, the mutations that had the most pro-
nounced effects were Trp VI:23, Leu VII:-04, and Ala 
VII:-01 (to glycene [Gly]). 47  Although no specifi c interac-
tion with NTI was proposed, it is generally believed that 
these residues form a hydrophobic pocket that helps to sta-
bilize the indolic moiety of NTI.   
 Similar to  � -selective opiates,  � -selective opiates appear to 
obtain their selectivity through mechanisms of exclusion. 
Again, site-directed mutagenesis studies were conducted at 
position VII:03. In the  �  receptor, mutation of Trp VII:03 to 
Ala, Lys, or Leu (the residue found in wildtype  � ) led to sig-
nifi cantly increased binding affi nities for NTI and SIOM. 49  ,  51  
This suggested that tryptophan blocks access of  � -selective 
opiates to the  �  binding cavity. Also important to note is that 
the activity of NTI was similar for all 3 mutants, suggesting 
that the leucine is not directly involved in ligand binding. 
 Collectively, the above studies suggest that  � -selective opi-
ates obtain selectivity through 2 main mechanisms. The fi rst 
involves hydrophobic stabilization by residues unique to 
the  �  receptor found at the top of TM VI and VII (Trp VI:23, 
Leu VII:-04, Ala VII:-01). The second mechanism impli-
cates a tryptophan residue in  �  that creates too much steric 
bulk. A depiction of these interactions appears in  Figure 9 .    

  Mu-Selective Opiates 
 In the previous sections on  �  and  �  selectivity, it was apparent 
that one particular chemical moiety, the address, conferred 
selectivity. The  � -selective opiates morphine and  � -funal-
trexamine ( � -FNA) ( Figure 10 ) lack a common chemical 
moiety; thus, it is unlikely that common mechanisms exist for 
their molecular recognition. For this reason, they will be 
examined independently so that their unique structural fea-
tures and their role in conferring selectivity can be discussed.   
 Morphine, the prototypical  �  opiate, has been studied exten-
sively. X-ray studies have determined that the C ring adopts 

a boat conformation, placing the 6 � -hydroxyl group in an 
equatorial position. 13  It is often suggested that this hydroxyl 
group plays a role in selectivity. However, inversion of the 
hydroxyl group to the 6 �  diastereomer leads to only minor 
changes in selectivity. 13  Thus, it remains unclear how the 
hydroxyl group confers selectivity. One docking study sug-
gests that it hydrogen-bonds to Asn V:02, a unique residue 
of the  �  receptor. 30  Mutation of this residue to a leucine or 
a threonine moderately increases morphine ’ s activity, thus 
casting serious doubts about this asparagine ’ s putative 
role. 52  Another study used S-activated dihydromorphine 
derivatives, in combination with molecular mechanics, to 
create a pharmacophore. This model suggests that the 6 � -
hydroxyl group interacts with residues at the top of TM 
VII (near cysteine [Cys] VII:06), while the phenolic ring 
 interacts with Tyr VI:19. 53  Although this model is plausible, 
it also lacks compelling site-directed mutagenesis data to 
support its claims, thereby diminishing its reliability. 
 The affi nity label  � -FNA is an irreversible  �  antagonist. 
Although K i  values in the guinea pig brain show only slight 

  Figure 8.    Delta-selective opiates NTI and SIOM. NTI indicates 
naltrindole; SIOM, 7-spiroindanyloxymorphone.   

  Figure 9.    The pharmacophore of NTI in the  �  receptor. Again, 
Asp III:08 and VI:17 anchor the tyramine moiety. Residues 
unique to the  �  receptor at the top of TM VI and VII (Trp VI:23, 
Leu VII:-04, Ala VII:-01) confer selectivity. Presumably these 
residues form a hydrophobic pocket around the indolic moiety of 
NTI. Ala indicates alanine; Asp, aspartate; Leu, leucine; NTI, 
naltrindole; TM, transmembrane; Trp, tryptophan.   

  Figure 10.    Mu-selective opiates morphine and  � -FNA.  � -FNA 
indicates  � -funaltrexamine.   
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selectivity for  �  over  � , it has been shown that at low con-
centrations [ 3 H]  � -FNA covalently labels the  �  receptor with 
high specifi city. 54 Kinetic studies have suggested that the 
molecular recognition of this irreversible antagonist involves 
2 steps. 54  First, reversible binding occurs within the binding 
pocket. This positions the reactive affi nity label in the proper 
orientation to irreversibly react with a nucleophilic site within 
the receptor. Site-directed mutagenesis results have indicated 
that Lys V:05 is responsible for this attack. 55  Surprisingly, a 
lysine present at the homologous position of the  �  receptor 
does not form a covalent bond with  � -FNA. The molecular 
basis behind this puzzling result remains undetermined but 
presumably involves residues near Lys V:05 that alter the 
local environment of the  �  binding pocket.  � -FNA ’ s interac-
tions are highlighted in the pharmacophore in  Figure 11 .    

  Selective Nonopiate Ligands 
 In contrast to the opiates, there have not been any small-
molecule ligands that show a high affi nity for all 3 receptor 
types. Therefore, the remainder of this review will focus on 
the molecular recognition of the prototypical small-ligand 
agonists for each receptor type: the  � -selective diarylpipera-
zines (SNC 80 56  and analogs), the  � -selective fentanyls, 
and the  � -selective arylacetamides. Although exhaustive 
structure-activity relationships (SAR) data has determined 
which structural features are necessary for activity, the 
interactions that confer their selectivity are not well under-
stood. In fact, confl icting pharmacophores have been pro-
posed for each ligand class. 24-30  For the  � -selective SNC 80 
derivatives, controversy exists over whether the pharma-
cophoric determinants of SNC 80 (and analogs) are the 

same as those for the  � -selective opiates NTI and SIOM. 57-59  
For the fentanyls and arylacetamides, different yet impor-
tant discrepancies exist. 
 Much of the controversy observed for these 3 ligand classes 
stems from the interpretation of automated docking studies. 
Their inherent fl exibility creates numerous issues. Whereas 
the opiates produce a limited number of binding conforma-
tions, these fl exible ligands often produce large ensembles 
of possible conformations within the receptor. This often 
leads to discrepancies in binding modes. Another issue that 
sometimes leads to inconsistent pharmacophores is the inter-
pretation of site-directed mutagenesis. It is generally accepted 
that at least a 5-fold change in activity is needed before one 
can imply signifi cance. This may or may not be true for such 
fl exible ligands. Since these ligands have rotatable groups 
that are able to reposition themselves, the elimination of a 
single hydrophobic interaction may not give a  “ signifi cant ”  
difference in binding. This may lead to the elimination of 
pharmacophores that are presumed to not fi t the experimen-
tal data. Collectively, all of these factors make the search for 
an  “ address ”  locus much more diffi cult. The scope of this 
review prevents an in-depth comparison of all details pre-
sented by each proposed model. Instead, key results from 
site-directed mutagenesis studies and chimeric studies will 
be highlighted to present a generalized pharmacophore.  

  SNC 80 and Analogs 
 The  � -selective agonist SNC 80 and its analogs (eg, com-
pounds  1  60  and  2  61 ) share several common structural fea-
tures ( Figure 12 ). One common feature is the presence of a 
piperidine or piperazine ring (ring A). Although substitution 
of this ring is not necessary, the addition of small hydropho-
bic groups sometimes leads to slightly enhanced binding 
affi nity or selectivity. 62  Also common to these ligands are 2 
aromatic rings (B and C). Ring B is generally substituted 
with a diethyl amide and ring C with a hydroxyl or methoxy-
ether group. For a complete overview on SAR, the reader is 
referred to reviews by Calderon 63  and Knapp. 62    
 Inspection of these ligands has suggested that they have struc-
tural similarities to  � -selective opiates NTI and SIOM. 64  A 
side-by-side comparison between  1  and SIOM reveals that 
rings A and C may mimic the classical opiate  “ message. ”  
Similarly, ring B and the diethyl amide mimic the spirocyclic 

  Figure 11.    The pharmacophore of  � -FNA in the  �  receptor. 
Besides the typical  “ message ”  interactions, little is known about 
the residues that confer selectivity to this ligand. It has been 
suggested that Lys V:05 attacks the affi nity label. Other residues 
in this putative pocket include those that were deemed important 
for morphine ’ s recognition (Tyr VI:19 and Cys VII:06).  � -FNA 
indicates  � -funaltrexamine; Cys, cysteine; Lys, lysine; TM, 
transmembrane; Tyr, tyrosine.     Figure 12.    SNC 80 and its  � -selective analogs.   
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address group of SIOM ( Figure 13 ). Accordingly, it was sug-
gested that the ligands may be binding in a similar orientation, 
using the same residues that were found to impart  � -selectiv-
ity for the opiates. Based on this hypothesis, Dondio et al 
designed the SNC 80-indolomorphan mimic SB-220718. 65    
 Despite Dondio ’ s successful application of the proposed 
hypothesis, several studies have questioned the validity of such 
a simplistic model. 65-67  One area of disagreement lies in the 
analysis of SAR data. It is argued that since the diethyl amide 
in SB-220718 can be modifi ed to an ester or a thioamide with-
out a signifi cant decrease in activity, 66  similar results should be 
seen for SNC 80 analogs with the same substitutions. How-
ever, this is not the case. 61  Other SAR inconsistencies are 
believed to occur at the 3 ′  position. In the opiates, the presence 
of a hydroxyl group is essential for activity, 13  but for SNC 80 
it is not. Important to note is that this discrepancy is not consis-
tent for all SNC 80 analogs. For example, the methoxy analog 
of  1  is nearly 100-fold less active than the hydroxyl analog. 62  
Other analogs also show selectivity profi les in which the pres-
ence of a hydroxyl group is much greater. 65  This suggests that 
variations between structurally similar molecules (SNC 80 and 
 1 ) can result in quite different SAR data. 
 Site-directed mutagenesis results also give clues that suggest 
whether these SNC 80 analogs share pharmacophoric over-
lap with the opiates. 55  As mentioned previously, a collection 
of residues near the putative  �  address locus were randomly 
mutated to alanines. Binding results from this study revealed 
that Trp VI:23, Leu VII:-04, and Ala VII:-01 were important 
for NTI binding. The same study also reported that Trp 
VI:23, valine (Val) VII:-02, and Val VII:-03 were important 
for SNC 80 binding. Although Val VII:-02 and Val VII:-03 
are not part of the 3 residues that were deemed to be impor-
tant for NTI binding, they are located next to the ones that 
have been implicated. Therefore, it is reasonable to suggest 

that SNC 80 and its analogs share the same binding pocket 
as NTI but are oriented slightly differently ( Figure 14 ).    

  Fentanyl and Analogs 
 Fentanyl and its congeners (the fentanyls) ( Figure 15 ) are 
well known for their tremendous analgesic properties. Key 
to their pharmacological activity ( � -selective agonism) is 
the N-phenyl-N-piperidinyl propionamide moiety. Another 
group that is required for activity is a phenethyl group 
(although the phenyl ring can be substituted with a thio-
phene or methyl ester, as in the case of sufentanil and remi-
fentanil). Other modifi cations that modulate activity include 
small moieties at the 3 or 4 position of the piperidine ring 
and a  � -hydroxyl substitution. For an extensive overview 
on the SAR associated with these ligands, the reader is 
referred to a review by Casy et al. 67  
   Despite exhaustive SAR data, the molecular recognition of 
the fentanyls remains largely unknown. Although it is 
accepted that the aminergic nitrogen interacts with Asp III:08, 
the nature of the interactions that confer fentanyl ’ s selectivity 
is highly disputed. Mutational data from Lys VI:23 and Trp 
VII:03 (positions that were important for selective opiate 
recognition) suggest that these 2 residues are not involved in 
fentanyl ’ s binding. 
 Docking methods have been used to suggest an alternative 
binding pocket. Unfortunately, fentanyl ’ s fl exibility makes 
such methods very diffi cult to interpret. 24-26  Potential bioac-
tive conformations have been analyzed, yet the fi ndings have 
not been conclusive. 30  ,  68-70  In particular, the  conformation 
of the phenethyl group has been the topic of numerous 

  Figure 13.    Message-address concept applied to  � -selective 
ligands lacking the traditional opiate core. SIOM indicates 
7-spiroindanyloxymorphone.   

  Figure 14.    The pharmacophore of SNC 80 in the  �  receptor. A 
selectivity locus is near the top of TM VI and VII. Presumably 
Trp VI:23, Val VII:-02, and Val VII:-03 form a hydrophobic 
pocket that stabilizes the diethylamide moiety. His VI:17 may 
participate in hydrophobic stacking or may hydrogen-bond when 
applicable. Additional selectivity may be observed depending on 
which interaction occurs.   
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 discussions. Although it has been predicted that the fenta-
nyls prefer extended conformation, it is unclear whether the 
extended conformation is the bioactive form. One docking 
study suggests that the  � -hydroxy group of the fentanyl 
interacts with Tyr III:09. 71  However, when this residue was 
mutated to phenylalanine, only a minor difference in bind-
ing was observed. 72  Another study suggests that the 
phenethyl group points up toward Lys III:02. 30  A third study 
suggests that the phenethyl moiety is projected deep within 
the cavity of TM II, III, and VII. 24  This fi nal pharmaco-
phoric model is the only one that maintains the phenethyl 
moiety in an extended conformation. Therefore, it will be 
the focus of the highlighted pharmacophore. 
 A notable feature of this pharmacophore ( Figure 16 ) is the 
addition of an alternative address locus located deep within 
the cavity between TM II, III, and VII. This locus is sup-

ported by the increased  �  activity of several compounds 
 containing large aromatic moieties (generally phenethyl) 
positioned on the piperidine ring. 24  ,  72  For example, the 
 � -selective ligand  1  shows enhanced activity for the  �  recep-
tor when a phenethyl moiety replaces the propyl-containing 
lead. 72  Additionally, it has been shown that N-phenethylmor-
phine shows greater potency than its parent compound mor-
phine. 73  Also important to note is that this pocket contains 
several residues that can hydrogen-bond with the hydroxyl 
group of ohmefentanyl, specifi cally a threonine in TM II. 
However, since this residue is conserved, it is not apparent 
how it might contribute to ohmefentanyl ’ s increased selec-
tivity. Undoubtedly, more site-directed mutagenesis studies 
need to be conducted to help validate this pharmacophore.    

  Arylacetamides 
 The arylacetamides U50,488, U69,593, and CI-977 74  are 
potent  � -selective agonists ( Figure 17 ). Structure-activity 
relationships have elucidated the chemical features neces-
sary for binding. 75  In summary, SAR reveals that the trans-
confi guration of the amine and the amide moiety is essential. 
Compounds with altered stereochemistry at this position do 
not retain activity. The location of the amide moiety with 
respect to the aromatic moiety is also key. Reversing the 
amide or shortening the phenacetyl derivative to a benza-
mide derivative changes the binding activity signifi cantly. 
SAR data also indicate that the pyrrolidine ring is optimal 
for both high affi nity and selectivity.   
 Comparison of the arylacetamides to the  � -selective opiates 
does not lead to obvious similarities. Despite this fact, numer-
ous attempts have been made to compare the 2. 76  ,  77  Presum-
ably, if a link between these 2 ligand classes could be 
established, it would be easier to model and design new  
� -selective ligands. A study by Rajagopalan et al prepared 
numerous tetrahydronaphthalenes-U50,488 mimics. 78  This 
study observed that hydroxyl substitution on the 6’ position 
led to compounds that achieved high affi nity to both  �  and  �  
receptors. When the 6’ position was substituted with a 
methoxy ether (DuP-747), selectivity for the  �  receptor 
was obtained, with little effect on the activity. 78 These tetra-
hydronapthalene-U50,488 mimics have since been used in 
molecular modeling studies 28  and compared with ethylketo-
cyclazocine, a benzomorphan with slight  � -selectivity  ( Figure 
18 ). Although it has been suggested that the molecular basis 

  Figure 15.    Fentanyl and its  � -selective analogs.   

  Figure 16.    The pharmacophore of (2’R,3R,4S)-cis-ohmefentanyl 
in the  �  receptor. The piperidine forms a salt bridge with Asp 
II:08. A putative hydrogen bonding interaction is thought to 
occur for Thr II:16. Other important interactions include Ile 
VI:16, Leu VII:09, and Ser III:15. Asp indicates aspartate; Ile, 
isoleucine; Leu, leucine; Ser, serine; Thr, threonine; TM, 
transmembrane.   

  Figure 17.    The  � -selective arylacetamides U50,488, U69,593, 
and CI-977.   
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behind the increased  �  activity is attributable to the interac-
tion of the phenolic moiety with His VI:17, no attempts 
were made at determining the interactions responsible for 
cross- selectivity. 28    
 Also important to note about the arylacetamides is the lack 
of a second cationic moiety. Thus, it was not unexpected 
when a mutation introduced at the traditional  �  address site, 
Glu VI:23, led to only minimal effects on arylacetamide 
binding, suggesting no interaction. 79  However, other muta-
tions in the traditional address locus did reveal signifi cant 
changes in binding. For example, mutation of Tyr VII:03 to 
Ala led to signifi cantly lower binding affi nities. 79  Another 
mutation in this region that has shown importance is Ile 
VI:20. Mutation of this residue to lysine resulted in a 
decrease of CI-977 ’ s affi nity by over 100-fold. Collectively, 
these results point toward a novel arylacetamide binding 
epitope that has the amine interacting with Asp III:08 and 
has residues Ile VI:20 and Tyr VII:03 playing distinct, albeit 
unknown roles ( Figure 19 ). Binding models also suggest 

that Leu VI:21 and Ala VI 24 also help to stabilize the 
 arylacetamides. 28  With the exception of Asp III:08, all of 
these residues are unique to the  �  receptor.     

  CONCLUSIONS 
 Pharmacophores have been presented for the prototypical 
opiate and nonopiate ligands (excluding peptides). For each 
ligands class, an attempt was made to present the model 
that, as far as we know, most accurately refl ects the most 
current experimental data. However, since the interpretation 
of docking studies and site-directed mutation results often is 
subjective, there can be some debate as to whether the pro-
posed model accurately depicts the true interactions. In 
some cases, such as that of gNTI, the experiments paint a 
clear picture of structure and function. However, for the 
majority of ligands, it is fairly clear that multiple sites of 
recognition exist. Comparisons between arylacetamides and 
SNC80 analogs, for example, indicate that these compounds 
most likely recognize different sites of selectivity within the 
opioid receptors. It is hoped that in the future, these ligand-
specifi c sites will be identifi ed and applied to design the 
next generation of opioid ligands.    
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